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T ype 1 diabetes (T1D) is a major health problem throughout the world. In the U.S., it is estimated that about 1.5 million people suffer from T1D. Even when well controlled-by frequent monitoring of blood glucose and administration of insulin, the long-term complications of the disease are significant and include cardiovascular disease, nephropathy, retinopathy, and neuropathy (1) . Here we review recent progress in preclinical models of pig islet xenotransplantation and discuss the remaining challenges that need to be addressed before the application of this form of therapy can be established in patients with T1D.
During the past decade, islet allotransplantation alone (without previous kidney transplantation) using deceased human donor pancreata has been indicated mainly in patients who have had T1D for .5 years with life-threatening hypoglycemic episodes and wide fluctuations in blood glucose levels. Although the initial long-term results were rather disappointing (2), the results of islet allotransplantation have improved significantly in recent years, with 5-year insulinindependent normoglycemia achieved in .50% of patients at experienced centers (3) . There is increasing evidence that successful islet allotransplantation greatly reduces the incidence of hypoglycemic episodes (2) and reduces or slows the incidence of late complications of T1D (4) . This may extend the indications for islet transplantation to patients with progressive complications. For example, islet transplantation in a patient with preterminal renal failure may prevent disease progression, possibly avoiding the need for hemodialysis and kidney transplantation, provided that nonnephrotoxic immunosuppressive drug therapy is administered.
Currently, in the U.S., the median waiting time for a kidney allograft from a deceased human donor is .4 years (5). However, islets from two deceased human donor pancreata are frequently required to achieve normoglycemia in a diabetic patient. Because of the limited number of suitable deceased donor pancreata, the overall number of treated patients is small, with fewer than 1,000 procedures carried out in Western countries during the past 10 years (2) . It is likely that the demand for this procedure will increase, resulting in a growing need for new sources of islets for transplantation. Although there is a prospect that this need can be filled by islets from pigs (Sus scrofa), it is unlikely that nonhuman primates (NHPs) will be used for this purpose because there are significant concerns associated with ethics, logistics, and, potentially, safety.
HISTORY OF CLINICAL ISLET XENOTRANSPLANTATION
The first scientific attempt to transplant pig islets into patients with T1D by Groth et al. (6) in 1994 resulted in detectable pig C-peptide in urine beyond 300 days and insulinpositive staining of graft biopsies in patients receiving combined human kidney and pig islet transplants. Despite these results, glucose metabolism remained unaltered. In Mexico, pediatric diabetic patients have been transplanted with pig islets that were co-transplanted with Sertoli cells placed in a stainless steel chamber that was implanted under the skin (7). In New Zealand, pig islets have been encapsulated individually in alginate and transplanted into the peritoneal cavity, an immunoisolating approach that avoids the need for immunosuppressive therapy (8) . A trial of this approach is underway with appropriate regulatory oversight, and publication of the results is anticipated.
Regardless of the results of these xenotransplantation trials, lively discussion about their justification on regulatory and ethical grounds has emerged. Whereas the level of regulatory oversight of the Mexican trial was likely insufficient, the trial in New Zealand is being regulated carefully by that country's Ministry of Health (8) . Nevertheless, none of these clinical studies was preceded by peerreviewed, preclinical data in NHPs proving the efficacy of the therapy. The World Health Organization and the International Xenotransplantation Association have both stressed that, in addition to the need for strict procedures to guarantee a safe pig product, patients should be exposed to islet xenotransplantation only if there is a relatively high expectation of benefit (9, 10) . Although convincing preclinical data from experiments in NHPs was not required in the past before the introduction of islet allotransplantation, these data remain the best indication of the potential therapeutic benefit of islet xenotransplantation. In recent years, significant progress has been made, with pig islets providing sustained (.1 year) normoglycemia in a small number of NHPs in which diabetes had been induced.
EXPERIENCE IN NHP MODELS
Six groups have independently reported that pig islets transplanted into NHPs can maintain normoglycemia for periods in excess of 6 months (Table 1) (refs. 55-59) . When free islets have been transplanted, immunosuppressive therapy has been essential to prevent rejection. When encapsulated islets have been transplanted, however, encouraging results have been achieved in the absence of immunosuppressive therapy (11) . Furthermore, 6-month graft survival has been achieved after either adult or neonatal free islet transplantation, as well as after fetal pancreas transplantation (Table 1) . Collectively, these results indicate that there is reason to believe that pig islet xenotransplantation, either of free islets or encapsulated islets, will be clinically successful in due course.
REMAINING CHALLENGES FOR SUCCESSFUL CLINICAL APPLICATION OF ISLET XENOTRANSPLANTATION
Successful clinical application of islet xenotransplantation currently is inhibited by a number of barriers. These include the immediate loss of islets in an instant blood-mediated inflammatory reaction (IBMIR) and strong T cell-mediated rejection, requiring the use of excessive immunosuppression. The optimum age of donor pigs (e.g., fetal, neonatal, or adult) and the optimum anatomical site for transplantation are the subject of ongoing investigation. We discuss recent insights into these challenges and propose strategies to overcome them. Inflammation after islet xenotransplantation. The initial hurdle faced by islets transplanted into the portal vein is IBMIR, which results in significant destruction of islets within minutes. IBMIR is believed to be a nonspecific (i.e., nonimmune) inflammatory response related to the transplantation of islets directly into the blood stream of the portal vein, which is the current site for clinical islet transplantation. Isolated islets can express tissue factor, which activates coagulation. As a result, platelets and complement are activated and the islets become infiltrated with neutrophils and macrophages (12) (Fig. 1) . The extent of tissue factor expression on the islet graft negatively correlates with the clinical success of allotransplantation (13) . Incompatibilities between the human and pig coagulation-anticoagulation systems render IBMIR even more problematic in xenotransplantation. Inhibition of tissue factor expression or thrombin formation prevented islet damage in vitro (14, 15) . However, in vivo, anticoagulation does not fully prevent IBMIR (12) .
When wild-type pig organs (rather than islets or cells) are transplanted in NHPs, they are subject to hyperacute rejection. The vascular endothelium of pigs expresses the important galactose-a1,3-galactose (Gal) oligosaccharide against which humans have natural anti-Gal antibodies (16) . The binding of antibodies to Gal antigens results in almost immediate complement activation, with ensuing destruction of the graft. Although fetal and neonatal pig islets express Gal, the expression of Gal on islets is reduced as the pig matures (17) . It was, therefore, originally anticipated that hyperacute rejection might not occur after transplantation of adult pig islets, although that concept is now being questioned.
Although it was first concluded that complement activation in IBMIR occurred mainly through the alternative pathway (18) , recent studies suggest that human preformed IgM and IgG antibodies bind to human and, particularly, pig islets and activate complement through the classical pathway (19, 20) . In patients with preformed antibodies, particularly when there are high antibody titers against foreign human leukocyte antigens, success rates in achieving sustained normoglycemia after islet allotransplantation have been lower (21) .
Neonatal pig islets express Gal, making them a target of anti-Gal antibodies. Neonatal islets from pigs that do not express Gal, that is, a1,3-galactosyltransferase gene-knockout (GTKO) pigs, are less susceptible to IBMIR in an NHP model (22) . The expression of Gal on adult pig islets is low (13) , suggesting that antibody binding to other (i.e., non-Gal) antigens may be an initiating factor in complement activation. These results suggest that IBMIR is less "nonspecific" than previously anticipated and involves a mechanism comparable to the hyperacute rejection of a pig organ. To date, the identity of non-Gal antigens on pig islets has not been determined, although N-glycolylneuraminic acid is likely to be a target when clinical xenotransplantation is undertaken. However, this oligosaccharide is not important in pig-to-NHP islet transplantation because NHPs also express it and therefore do not produce natural antibodies against it (23) . Rejection of pig islets by the adaptive immune system. After the IBMIR, and likely driven, in part, by this event, the adaptive immune response to xenografted islets is largely T cell-mediated (24) . Success in NHPs has been achieved only when costimulatory signals between antigen-presenting cells and T helper cells are blocked, especially with an anti-CD154 monoclonal antibody (mAb). Unfortunately, the increased risk of thromboembolic complications with the use of anti-CD154 mAb (25) prevents this biological from being applied clinically, and alternative strategies are warranted.
The autoimmunity associated with T1D is caused by selfreactive T and B cells directed against proteins expressed in pancreatic b-cells. Proinsulin, islet antigen-2, glutamic acid decarboxylase-65 and -67, and islet cell autoantigen of 69 kDa are the major targets. After allotransplantation of islets, autoimmune lymphocytes can react against the same antigens expressed on grafted islets, thereby contributing to graft failure (26) . Although it is largely unknown whether this will occur after islet xenotransplantation, T cells from patients with T1D proliferate when incubated with fetal pig islet-like cell clusters (27) , and they are specifically directed against pig glutamic acid decarboxylase. It can be anticipated, therefore, that xenografted pig islets will be subjected to autoimmune activity, as well as xenoimmune activity, to some extent.
The current evidence is that pig islet transplantation, even if associated with xenosensitization, would not lead to sensitization against alloantigens, and therefore would not compromise subsequent islet or kidney allotransplantation (reviewed in Cooper et al. [28] ). Donor age and preparation of pig islets. Significant debate has taken place about whether the ideal islets for clinical transplantation should be from fetal, neonatal, or adult pigs (Table 2) . It generally is known that adult pig islets are more difficult to isolate successfully than adult human islets. In young adult pigs (,2 years old), islets are (Table 2) , including their higher resistance to hypoxia (31) . From a logistical perspective, it is preferable to recover the pancreas from neonates during the first week of life (usually at 1-3 days of age [22, 32] ) than to maintain pigs under barrier conditions in a "clean" environment for .2 years, an approach that is space-and time-consuming as well as expensive. However, logistical success may depend on methods to store or cryopreserve neonatal islets. After isolation, the current approach is for the so-called neonatal islet cell clusters to be maintained in culture for 7 days, during which they proliferate, a consideration that is also important after transplantation (32) .
Recent data indicate that fetal pancreata, excised at 42 days of fetal life, can result in successful implantation after transplantation into NHPs (32) . However, it can take up to 5 months for the tissue to become fully functional (32), a period during which patients would be required to maintain insulin therapy as well as immunosuppressive therapy. Moreover, a large number of fetal pigs (60 fetuses as extrapolated from studies of NHP recipients [33] ) would be required to provide sufficient tissue to induce normoglycemia in a single adult human.
The number of free pig islets needed to achieve normoglycemia in NHPs has been estimated at $25,000 islet equivalents (IEQ)/kg for adult islets and $50,000IEQ/kg for neonatal islets (22, 24) . This is significantly in excess of the number of human adult islets needed in clinical allotransplantation (10-15,000 IEQ/kg). The exact number of islets required to cure diabetes in humans is as yet uncertain, but with the numbers of pig IEQ per kilogram in NHPs, and based on a yield of 400,000 IEQ per adult pig (29) , islets from several adult pigs may be required to cure one patient. However, islets from neonatal pigs maintain a proliferative capacity after transplantation (32) , which may result in a functional islet mass after transplanting a smaller number of islets.
Alginate encapsulated pig islets (30,000 IEQ/kg), loaded onto a macrodevice and placed subcutaneously, reversed diabetes in NHPs (11) . This is an attractive approach because encapsulation prevents the need for immunosuppressive therapy. However, several technical challenges need to be overcome, including degradation of capsules over time, reduced islet viability inside the capsules from a lack of nutrients, induction of antipig antibodies, and possibly humoral rejection.
STRATEGIES TO OVERCOME THE REMAINING HURDLES Genetic engineering of pigs. Our ability to genetically engineer pigs has increased significantly during the past 20 years, resulting in the production of pigs with different genetic modifications (Table 3 ) (refs. [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] . These pigs can be cross-bred to produce an "ideal" pig for islet transplantation. The genetic engineering of pigs currently is aimed at providing resistance to the effects of IBMIR and to both the innate and adaptive immune responses.
Although encouraging results have been reported after transplantation of wild-type (unmodified) pig islets into NHPs, it is almost certain to be advantageous (particularly if fetal or neonatal islets are to be transplanted) to transplant islets from GTKO pigs. Development of methodology to disrupt the GT gene (34) , in combination with cloning techniques (35) , resulted in the first GTKO pigs in 2003 (36) . A recent report indicates that there is less antibody binding and immediate injury to neonatal islets from these pigs compared with those from wild-type pigs (22) . Therefore, the background for pigs to be used for clinical islet transplantation is likely to be GTKO (particularly when neonatal pig islets are used), but expression of one or more human complement-regulatory proteins (hCRPs), for example, CD46, CD55, and CD59, also will be advantageous (30) . Thus, the deleterious effects of anti-Gal antibody binding will be obviated, and, although the anti-non-Gal antibody will bind to the pig islets, its effects will be mitigated by the protection offered by hCRP expression.
Theoretically, it would seem worthwhile to have GTKO/ hCRP pigs in which one or more anti-inflammatory genes also are expressed, for example, CD39, heme oxygenase-1, and A20. To help diminish the IBMIR, expression of one or more "antithrombotic genes" (e.g., tissue factor pathway inhibitor, thrombomodulin) is likely to prove beneficial. Cells from pigs in which the major histocompatibility complex class II transactivator has been knocked down (CIITA-DN pigs) also are likely to reduce the direct T cell response to swine leukocyte antigen class II (Table 3) , which is expressed on a subset of islet cells (37) .
Genes can be specifically expressed in islets with the use of an insulin promoter. Expression of molecules for blockade of costimulatory pathways, such as porcine or human cytotoxic T-lymphocyte antigen 4 (CTLA4)-Ig, might provide local protection from the T cell-mediated response (Table 3) . Pigs with multiple genetic modifications (e.g., GTKO/hCD46/hTFPI Ins /pCTLA4-Ig Ins , with and without hCD39 Ins ) currently are available (Fig. 2) , and islets from such pigs adequately correct hyperglycemia in diabetic monkeys (Fig. 3C ) in an ongoing trial at our center. Immunosuppressive drug regimen. To date, a clinically applicable immunosuppressive drug regimen that can prevent the xenoimmune response has not been established. In particular, an alternative to the efficacious but clinically inapplicable anti-CD154 mAb remains an obstacle. Thromboembolic complications possibly could be prevented using a fragment crystallizable region-disabled mAb (38) .
Other costimulatory blockers, such as CTLA4-Ig, may be effective, especially when used in combination with endogenous "immunosuppressive" genetic manipulations (CTLA4-Ig Ins , CIITA). Alemtuzumab for deep lymphodepleting induction therapy currently is included in the most successful clinical regimens for islet allotransplantation. We have recently developed an NHP model for the use of alemtuzumab (39) , and we plan to use alemtuzumab in our next islet xenotransplantation experiments. Alternative anatomical sites for islet transplantation. Even though the pig could provide an unlimited supply of islets, the inefficiency of islet transplantation into the portal vein resulting from IBMIR remains an obstacle for applying islet xenotransplantation on a clinical scale. To avoid or minimize IBMIR, an alternative approach is to place the islets in a site where they are not immediately exposed to blood, and investigation in this area is ongoing. A number of sites have been investigated, some of which seem worthy of continued assessment.
Transplantation into the gastric submucosal space can be achieved through endoscopy (40) and offers the advantage of possible endoscopic biopsy of the graft for investigation of rejection, apoptosis, or both (41) . Intramuscular transplantation has already reached the clinical stage in islet autotransplantation (42) . In diabetic monkeys, islets loaded onto a biodegradable scaffold, wrapped with omentum and placed between abdominal muscle layers, resulted in significant metabolic improvement in allotransplantation experiments (43) . Immunomodulation. Pig islet transplantation may be enhanced by cotransplantation of mesenchymal stem cells of either recipient or donor origin (44) or of donor Sertoli cells (45) . Both cell types may provide immunoprotection, revascularize the islets more quickly, and reduce inflammatory response.
PHYSIOLOGIC COMPATIBILITY OF PIG ISLET XENOTRANSPLANTATION
After infusion into the portal blood stream, transplanted islets depend heavily on diffusion of oxygen from the hypoxic portal blood until revascularization (mainly from the hepatic artery) is completed, a process that may take up to 14 days (reviewed in Jansson and Carlsson [46] ). Both donor intra-islet endothelial cells and recipient endothelial cells contribute to this process (47, 48) .
Pig insulin differs from human insulin by only one amino acid and it was administered to patients with T1D for many years before recombinant human insulin became available. Nevertheless, there are differences in glucose metabolism among pigs, NHPs, and humans, and these have been discussed by Casu et al. (48) . In pigs, fasting blood glucose values are higher and C-peptide levels are lower when compared with values in cynomolgus monkeys (48) (Fig. 4) . As a result, when pig islets are transplanted into monkeys they have to perform at "supraphysiologic" levels. Nevertheless, maintenance of normoglycemia for .1 year after pig islet transplantation in a diabetic monkey has already been demonstrated (30) (Fig. 3) . Because C-peptide levels in humans lie between those in the pig and monkey, it may be easier to achieve and maintain normoglycemia in humans after pig islet xenotransplantation using fewer islets per kilogram of body weight than in NHPs (49) .
Pigs that will be used for clinical islet transplantation are almost certainly going to be genetically engineered, even Prevention of hyperacute rejection by polysaccharide antigen deletion or "masking" Phelps et al. (36) a1 , Ins Yes in the case of encapsulated islets. Accordingly, it is important to ascertain that islet function in these genetically engineered pigs remains within the normal range for pigs. Glucose metabolism has been investigated in GTKO pigs and has been found to be similar to that in wild-type pigs (50).
More recently, pigs have become available to us (through Revivicor, Blacksburg, VA) that, through the use of an insulin promoter, have transgenes that are expressed selectively in the b-cell of the islets. Our initial studies indicate that glucose metabolism in these pigs is similar to that in wild-type pigs. After islet allotransplantation, aggregation of islet amyloid polypeptides in the transplanted islets can promote amyloidosis and b-cell apoptosis. Differences in the amyloid polypeptide sequence between humans and pigs may explain observations showing a lack of amyloid formation after porcine islet transplantation, indicating improved survival (51) (Fig. 5) .
SAFETY OF CLINICAL ISLET XENOTRANSPLANTATION
Safety has been discussed for many years; much of the discourse has focused on the potential for the transfer of pig microorganisms to the islet recipient and, more importantly, to the general population. Guidelines from U.S. regulatory authorities direct that pig donor organs and cells must be free of specified bacteria, viruses, protozoa, and fungi (52) . Breeding and housing of pigs in biosecure barrier facilities can eradicate many pathogens with zoonotic capabilities. For example, porcine cytomegalovirus (pCMV) can be excluded relatively easily from the islet source herd by early weaning from the sow (53) . Although rare, occasional isolated pig islets have tested positive for pCMV (54) , potentially constituting a risk for patients receiving immunosuppressive therapy. However, active transmission into NHPs after islet transplantation has not been documented. Efforts to continue testing for pCMV and to exclude it from the pig herd are warranted.
Even if the pigs are housed in an ideal "clean" barrier environment, they will inevitably carry the porcine endogenous retrovirus, which is integrated in the genome of pig cells and therefore will be transplanted with the islets. However, monitoring of humans exposed to pig tissues and cells and of NHP recipients of pig grafts has never identified active replication of the porcine endogenous retrovirus (10) . Currently, transfer of this virus is not considered to be a serious risk, and although national regulatory authorities (e.g., the U.S. Food and Drug Administration) will insist on monitoring for the virus, these bodies are unlikely to preclude clinical xenotransplantation on the basis of the presence of the virus alone (52) . Furthermore, if absolutely essential, techniques of small interfering RNA have been developed in which activation of the virus could be prevented successfully after transplantation (55) .
Because the need for clinical islet xenotransplantation may be considerable-with several thousand patients benefitting from the procedure each year-housing of pigs under barrier conditions will be expensive. In the U.S., a barrier facility to house even 100 pigs may cost US$10 million to erect, and approximately $1-2 million annually to maintain. Because islets will be isolated from the excised pancreas and subsequently cultured (possibly for 1-3 weeks in the case of neonatal pig islets), it could be argued that testing of the islets alone-the ultimate xenograft "product"-for the presence of microorganisms will be sufficient to ensure that the cells to be transplanted are safe. If this proves to be the case and is acceptable to regulatory authorities, then source pigs may not need to be maintained under such rigorous conditions. Regardless, a "clean" environment and regular monitoring of the pigs for microorganisms obviously will be essential.
Regulatory requirements relating to xenotransplantation are intricately interwoven with the microbiologic safety of the procedure itself and will require additional discussion when immunologic problems have been overcome and clinical islet xenotransplantation is fully warranted.
CONCLUSIONS
With the increasingly promising results from both clinical islet allotransplantation and experimental islet xenotransplantation, we can be cautiously optimistic that genetically engineered pigs will provide islets in sufficient numbers to allow treatment of T1D within years rather than decades. Just as with allotransplantation, patients with episodes of severe hypoglycemia or patients with stable kidney grafts probably would be the first candidates. However, problems associated with IBMIR need to be overcome, either by further genetic manipulation of the pig islets, therapy with drugs that reduce its severity, or identification of a successful alternative site for islet transplantation.
Against this backdrop, it should be stressed that the need for intensive, long-term immunosuppressive therapy needs to be reduced. This might be achieved by successful encapsulation or by further genetic engineering of the pig that will provide at least some local "endogenous" protection from the T cell immune response. The more that the pig islets can be genetically manipulated in this respect, the less exogenous immunosuppressive therapy will be required.
We suggest that the transplantation of islets from GTKO/ hCD46/pCTLA4-Ig Ins /TFPI Ins /hCD39 Ins pigs combined with an effective, clinically applicable immunosuppressive regimen (e.g., induction alemtuzumab and maintenance tacrolimus and mycophenolate mofetil, which is currently associated with favorable results after clinical islet allotransplantation [3] ) may be sufficiently successful in an NHP model to fulfill published criteria for a clinical trial (9) . Results of such studies of NHPs should be available within the next 18 months. If the results do not fulfill the criteria for a clinical trial, then testing of pigs with further genetic modification, for example, expression of heme oxygenase-1, and alternative immunosuppressive regimens will be required. 
